Purpose -The purpose of this paper is to provide a practical review of metal working fluids and their implications to the machining practice. Despite their widespread use and applications, there are several scientific and economic factors that call for an investigation of current practices and development of new approaches. Design/methodology/approach -There are numerous methods that diverge from traditional "wet" machining, which move towards an environmentally friendly and cost effective machining process. This includes looking at both minimum quantity lubrication and dry machining as methods to reduce recurring costs, lower health care premiums associated to metalworking fluid exposure, and to minimize the environmental footprint attributed to machining. Findings -Traditional machine lubrication techniques are in use today despite a lack of scientific or economic evidence that they function efficiently. Depending on the machine type and material used, there are several possible methods that can minimize or eliminate metalworking fluids from the machining process. Practical implications -This paper provides a practical assessment of current industrial practices and offers opportunities for improvement from both an economic and an environmental perspective. Originality/value -This paper provides an overview of previously conducted research to suggest areas of improvement in manufacturing processes utilizing metalworking fluids.
Introduction
Over the past century, mass production of machined metal components have led to increased productivity and cost reduction in many manufacturing industries. In order to keep the machines running uninterrupted, metalworking fluids were introduced to improve the life span of expensive tools. Additional benefits of this preventive medium were quickly recognized as the workpiece quality improved. This result are attributed to several improvements such as reduced friction, fast removal of chips from the cutting zone, reduced contact wear, and cooler temperatures on both the workpiece and tool. Unfortunately, the continued use of this practice has been based on outdated assumptions instead of a scientific investigation. Thus, these assumptions have resulted in the misuse of metalworking fluids in machining processes that is only now being understood.
In the global economy, machining processes face demands to simultaneously improve on both the cost and quality of their end product. In order to remain competitive, a company must address these concerns or risk being eliminated. Dry machining represents a key technology that would lead to cost saving opportunities related to lubricants, a reduced environmental footprint, and possible performance improvements on cutting operations, as illustrated in Figure 1 .
To emphasize this point, recall some of the costs associated with metal working fluids such as healthcare premiums, recycling, maintenance, disposal, training, and inventory. This concept has the potential to drive down productions costs in an industry that has already seen globalization's effects on price.
In principle, dry operations would be the ideal solution for environmental issues involving metal machining. The reduced recurring costs also make this a cost effective manufacturing approach; however, various issues arise when extreme temperature profiles are involved. When such situations occur, top-end surface finish requirements and workpiece raw material costs become prohibitive. For these situations, minimal quantity lubrication (MQL) and strategies utilizing small amounts of metal working lubricants will become a key element in modern manufacturing processes.
In order to overcome the negative consequences of machining, the entire tribological interface must be observed and understood. Friction and wear of cutting tools often limit metal working performance, and in worst case scenarios will cause a failure. The complexity of modern machining processes makes it difficult to analyze the friction and wear mechanisms at the contact region on the tool, as illustrated by Figure 2 .
Therefore, a detailed understanding of tribological interactions in the contact zone is of particular importance to efficiently designing a metal cutting system. Only once these interactions are understood will process improvements be easily identified and achieved.
Modeling the tribological interface
In order to better demonstrate the tribological interactions, a simulation was developed to predict thermally induced deformation using several different cutting fluid application methods (Sukaylo et al., 2005) . As shown in the Figures 3-6, this simulation measures thermal workpeice deformation in a steel turning application. This approach is based on the experimental and analytical determination of the thermal parameters as input variables, as illustrated in Figure 3 .
From there, a finite element method based simulation of the workpiece surface temperature is created. Through this model, a temperature field is derived and thermal deformation is predicted, as illustrated in Figures 4 and 5 .
The finite element model effectively maps the heat generated in the contact zone between the rake face and workpiece. Additionally, the heat exchange between the workpiece, ambient air, and cutting fluid is also predicted. Figure 5 correlates the results, in a turning application, where successive passes are made at a uniform cut-depth to obtain the final shape as shown in Figure 6 .
Three different cutting fluid application methods were applied to machine C45 steel material with a carbide HMP30 coated tool: 1 dry machining; 2 minimum quantity cooling (MQC) with an air-water mixture; and 3 minimum quantity lubrication (MQL) using an airrapeseed oil mixture.
In dry machining, ambient air has only a very slight cooling effect and does not absorb much heat. The cooling effect of minimum quantity cooling exceeds the cooling effect of MQL considerably, due to the difference between the thermal properties of water and rapeseed oil. As expected, both dry and the two minimum quantity methods of machining increase the thermal stress in the workpiece when compared to traditional methods; thus, leading to thermal deformation. However, an understanding of the rake face surface temperature and workpiece material allowables should be taken into consideration to improve the manufacturing process. This will lead to an integration of dry machining 
Dry machining
Dry machining is the ultimate environmental goal of metal cutting, and currently there are a number of different approaches being investigated to implement this goal cost effectively. However, there are certain limitations that will always hinder the development of this technology, such as thermal degradation and tool wear. By removing lubricants from the cutting process, the manufacturer must have alternative methods to ensure that the following functions still occur: enhancing surface finish, improving tool precision and stability, and promoting chip transport (Stanford and Lister, 2002) . The intuitive response to tool wear issues is to investigate new materials; however, in a dry process, cutting edges and guiding pads are subject to high mechanical, thermal, and chemical loads. To ensure good performance and high wear resistance, cutting materials must fulfill a variety of properties as shown in Figure 7 .
An ideal cutting material will combine properties like high hardness, good toughness, and chemical stability. These requirements, however, represent opposing properties. Therefore, an optimal cutting material is not feasible.
The chemical composition and microstructure of the workpiece materials is a major factor in the applicability of dry machining. Adhesive tool wear is especially important as high temperatures promote mechanical interlocking and diffusion. Both of which are problems resulting from the workpiece's ductility. There are a couple ways to control the diffusion mechanisms; first, is through interface temperature, and secondly, by establishing better contact conditions using different materials. Given that interface temperature is relatively constant without lubrication, the workpiece materials commonly used in machining are not all suitable for dry applications. This is due to their basic material properties with respect to the adhesive wear, toughness, and ductility. As shown in Figure 8 , while dry machining has its advantages on several commonly used materials, in certain situations it is not a method of choice.
Minimum quantity lubrication
While it is a noble cause to cease using toxic and nonbiodegradable cutting fluids altogether, this is not always possible given the current tools and materials available. In many high speed machining operations, minimum quantity cooling lubrication (MQCL) is the key to successful nearly dry machining with its ability to reduce temperatures in the cutting zone. Any move to manufacturing components under nearly dry machining conditions depends on an understanding of the MQCL system; for example, feed technology, lubrication, parameter settings, and machine tools all are mutually connected and affect the operation. All of the components in the MQCL system must be carefully integrated in order to achieve a desired outcome, as illustrated in Figure 9 .
In MQCL operations, the media used is generally straight oil, but some applications have also utilized an emulsion or water (Machado and Wallbank, 1997) . These fluids are fed to the tool and/or machining point in tiny quantities. The socalled airless systems entails that a pump supplies the tool with oil in a rapid succession of precision-metered droplets. This could also be done using air. When air is combined with the lubricant it becomes atomized in the nozzle to form extremely fine droplets, as illustrated in Figure 10 .
These are then fed to the machining point in the form of an aerosol spray. In order to obtain a good cutting performance by MQCL, two conditions are required: 1 an appropriate lubricant to form a strong boundary film; and 2 a chilling effect to sustain strength of the boundary film (Aoyama, 2002) .
The basic parameters and performance characteristics of MQCL are illustrated in Figure 11 . When a cutting fluid acts as a lubricant at the rake face, the method of access to the workpiece-tool interface boundary emerges. With a capillary phenomenon occurring through apertures between the chip and the tool, fluid may arrive at the vicinity of the cutting zone. Through improved design of lubricants and applications methods, ideally the capillary effect will create a boundary layer between the rake face and the workpiece, as illustrated in Figure 12 . In all cases, however, the fluid must penetrate to the interface between the tool and the chip in a direction opposed to the motion of the chip flow. With this in mind, access from the sides of the tool or from the flank face side may also be considered. More recently, the action of various gas-phase lubricants in machining of an aerospace aluminum alloy was investigated. In particular, it was found that the ratecontrolling step of gas-phase lubrication was lubricant Air (oxygen) + lubricant particles Tool Tool molecules reacting with hot chips from the freshly cut workpiece (Wakabayashi et al., 2003) .
Experience would lead most to believe that the physical transport of the lubricant to the cutting surface should be the rate-controlling step because the reaction of a chemical with a freshly cut metal surface is typically very rapid. Nevertheless, lubricant particles can be transported to the rake face even faster than the chemical reaction between the chip and lubricant. This view is acceptable and fluids may be able to readily penetrate, to some extent, through a network of microcapillaries existing between the tool and the chip. Furthermore, small particles of the lubricant should evaporate extremely easily, compared with cutting fluids in the case of flood fluid supply (Weinert et al., 2004 ).
An additional environmental note on MQL, cutting fluids is their secondary characteristics. In regular machining operations that use a flood application, metal working fluids have been selected on a combination of their recurring cost of operation, such as maintenance, storage, and purchase price, and their machining characteristics. For example, the ability to remove heat from the tool and workpiece, removal of chips, and lubrication properties to decrease tool wear and tool adhesion. In MQL the secondary characteristics of lubricants such as biodegradability, oxidation stability and storage stability, are also very important because the lubricants must be compatible with the environment and resistant to long-term usage due to their very low consumption rate.
Wakabayashi et al. discussed the concept of using synthetic polyol esters as metal working fluids (Wakabayashi et al., 2006) . According to their findings, synthetic polyol esters and fatty alcohols are excellent choices for potential MQL fluids, from the viewpoint of the optimal secondary performance for MQL operations. For example, fluids used in such small quantities will need to be chemically stable in long-term storage. There is also a concern about the fluid adhering to inner parts of the MQL feed system due to the occurrence of thin film oxidation. Given this criteria, synthetic polyol esters and fatty alcohols are commonly being used as MQL fluids in research studies. Table I further demonstrates the current applications of environmentally friendly machining practices.
In order to make manufacturing processes more ecological, the application of environmentally acceptable lubricants to machine tools is imperative. A variety of lubricants are generally used for machine tool parts, such as the spindle and hydraulic systems. Since some of these lubricants are often contaminated with cutting fluids and disposed of without adequate separation treatments, it is desirable to provide one environmentally friendly lubricant applicable to both machining and other lubricating parts. Using synthetic esters as a chemical base for MQL fluids, it is desirable and feasible to develop a multifunctional, environmentally friendly fluid that performs well in MQL machining, has a sufficient capability for machine tool lubrication, and also a high biodegradability index.
Conclusions
Considering the research developments over the past decade, dry machining and MQL are technologies that have to be considered in the design of new machine-tool systems. In mass production systems, where one machine is focused on a single workpiece, there is a significant cost savings and environmental incentive to adopt these technologies immediately. In small and medium scale businesses, where one machine is challenged with a variety of materials and operations, the investment is long-term. The knowledge level is not yet established where every metal machining task can move to MQL without several test articles. Thus, machining operations that do not require mass production quantities may still find conventional coolant supply as cost effective. However, further advancements in the field of machine tool systems will help to increase the share of machine tools specifically suited for dry machining, as illustrated by Figure 13 .
Nowadays, machine tools that meet the requirements of dry machining are commercially available, but advancements are still needed. For example, thermal deformations have to be detected, calculated and compensated for via numerical control system. Today, many machining processes and workpiece materials are produced by applying modern cutting tools and coatings, adapted tool designs and machining strategies, as well as optimized machine tools. These high-performance components ensure economic and easily repeatable manufacturing processes. However, there are still improvements that can be implemented, such as dry machining. While this operation still requires a special solution, MQL has been and will continue to be an effective method to introduce nearly dry machining to mass production manufacturing. However, with the increasing number of industrial applications and the ongoing research activities in the technology of nearly dry machining, the field's expansion to small and medium-sized manufacturers will be supported. 
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